ABSTRACT Copper (Cu) is an important mineral nutrient found in chloroplasts as a cofactor associated with plastocyanin and Cu/Zn superoxide dismutase (Cu/ZnSOD). Superoxide dismutases are metallo-enzymes found in most oxygenic organisms with proposed roles in reducing oxidative stress. Several recent studies in Arabidopsis have shown that microRNAs and a SQUAMOSA promoter binding protein-like7 (SPL7) transcription factor function to down-regulate the expression of many Cu-proteins, including Cu/ZnSOD in both plastids and the cytosol, during growth on low Cu. Plants contain the Cu Chaperone for SOD (CCS) that delivers Cu to Cu/ZnSODs, and, in Arabidopsis, both cytosolic and plastidic CCS versions are encoded by one gene. In this study, we demonstrate that Arabidopsis CCS transcript levels are regulated by Cu, mediated by microRNA 398 that was not previously predicted to target CCS. The microRNA target site is conserved in CCS of Oryza sativa. The data suggest that Cu-regulated microRNAs may have more mRNA targets than was previously predicted. A CCS null mutant has no measurable SOD activity in the chloroplast and cytosol, indicating an absolute requirement for CCS. When the CCS null mutant was grown on high Cu media, it lacked both Fe superoxide dismutase (FeSOD) and Cu/ZnSOD activity. However, this did not lead to a visual phenotype and no photosynthetic deficiencies were detected, even after high light stress. These results indicate that Cu/ZnSOD is not a pivotal component of the photosynthetic anti-oxidant system during growth in laboratory conditions.
. SOD enzymes are classified by their cofactor as either FeSOD (iron), MnSOD (manganese), or Cu/ZnSOD (copper and zinc) (for review, see Bowler et al., 1994) . SOD enzymes are thought to play important roles in anti-oxidant metabolism in many organisms (Phillips et al., 1989; Reaume et al., 1996; Slekar et al., 1996; Freitas et al., 2000; Elchuri et al., 2005) . Seven superoxide dismutase genes have been identified in Arabidopsis (Kliebenstein et al., 1998) . In green tissue, the greatest protein accumulation and activity are found for CSD1 and CSD2, the Cu/ZnSODs in the cytosol and plastids, respectively; MSD1, the mitochondrial MnSOD;
and FSD1, an FeSOD (Kliebenstein et al., 1998) . FeSOD was previously shown to accumulate in plastids (Kliebenstein et al., 1998; Abdel-Ghany et al., 2005b) but recent evidence suggests that FSD1 may be cytosolic, while FSD2 and FSD3 form a heterodimer in plastids (Myouga et al., 2008) .
In yeast, Cu is delivered to Cu/ZnSOD by the Cu Chaperone for SOD (CCS). Without CCS, there is no Cu/ZnSOD activity in yeast. However, in other organisms, CCS independent activation can be significant (Jensen and Culotta, 2005) . Plants also contain a functional homolog of the yeast CCS (Abdel-Ghany et al., 2005a ) that functions in the activation of CSD1 and CSD2 (Chu et al., 2005) . In Arabidopsis, CCS is encoded by one gene containing two in-frame ATG start sites that flank a chloroplast targeting sequence. Therefore, there is both a cytosolic and a chloroplastic version of CCS and these proteins function in Cu delivery and activation of CSD1 and CSD2 (Chu et al., 2005) .
In plants, SOD has been proposed to be important in oxidative stress tolerance, especially in the chloroplasts (Asada, 1999) . The regulation of FeSOD and Cu/ZnSOD expression has been studied predominantly in the context of oxidative stress tolerance (Alscher et al., 2002) . However, recent findings show that Cu availability is the major factor that determines whether FSD1 or CSD1 and CSD2 are expressed (Abdel-Ghany et al., 2005a , 2005b Cohu and Pilon, 2007; Yamasaki et al., 2007; Dugas and Bartel, 2008) . CSD1 and CSD2 regulation is mediated by a microRNA, miR398, which targets CSD1 and CSD2 mRNA for degradation (Sunkar et al., 2006) during growth on low Cu (Yamasaki et al., 2007; Dugas and Bartel, 2008) . MiR398 is one of several Cu-regulated microRNAs (the Cu microRNAs) that together down-regulate transcripts for a number of Cu proteins during Cu-limited growth (Abdel-Ghany and Pilon, 2008) . The Cu-microRNAs are, in turn, regulated by a transcription factor called SPL7 (Yamasaki et al., 2009 ), a homolog of Chlamydomonas rheinhardtii CRR1, which possibly is a Cu-sensing protein (Kropat et al., 2005) . It was proposed that the mechanism of Cu-protein downregulation during Cu-limited growth allows for preferential delivery of Cu to plastocyanin (PC) (Burkhead et al., 2009) , which is essential for higher plant electron transport and survival (Weigel et al., 2003) . In addition, FSD1 is up-regulated proportionally to CSD1 and CSD2 down-regulation during Cu-limited growth (Abdel-Ghany et al., 2005b; Cohu and Pilon, 2007; Yamasaki et al., 2007) .
Because CCS functions in Cu/ZnSOD activation, it may be expected that CCS would be co-regulated with its targets CSD1 and CSD2. Indeed, CCS mRNA abundance in Arabidopsis was found to be regulated by Cu (Abdel-Ghany et al., 2005a) , albeit that the Cu regulation was attenuated when compared to CSD1 and CSD2 (Abdel-Ghany et al., 2005b) . However, the mechanism of CCS regulation was unclear, as there is no obvious microRNA target site predicted in the CCS transcript (Jones-Rhoades and Bartel, 2004; Bonnet et al., 2004; Sunkar and Zhu 2004; Sunkar et al., 2005; Lu et al., 2005; Fahlgren et al., 2007) . We now observed that CCS may have a cryptic microRNA binding site and present evidence in this paper to support a model in which CCS is co-regulated in response to Cu, along with its targets, via miR398.
An implication of the Cu-microRNA-mediated Cu-economy model (Burkhead et al., 2009 ) is that many Cu-proteins, including CSD1 and CSD2, should be dispensable. This idea is, however, at odds with the supposed important roles of the Cu/ZnSODs, both of which are abundant Cu-proteins in plants. Thus far, the functions of SOD enzymes in plants have been addressed mainly by overexpression studies that have shown limited benefits under abiotic stress conditions (see, e.g. Sunkar et al., 2006; Lee et al., 2007) . There are fewer studies regarding loss of SOD function in plants. A knockdown line for CSD2 was reported to have a severe and light-dependent phenotype (Rizhsky et al., 2003) . Mutants defective in chloroplastlocalized FSD2 and FSD3 proteins show severe phenotypes as seedlings and these gene products seem to be important for normal chloroplast development (Myouga et al., 2008) . Decreased mitochondrial MnSOD expression leads to mild phenotypes without significant effects on respiration (Morgan et al., 2008) .
We found that CCS function is required for observable CSD1 and CSD2 activity, suggesting that CCS-independent activation of Cu/ZnSOD in plants is insignificant. The regulation by Cu and the availability of a null mutant for CCS now provides a means to put the significance of having SOD activity in the stroma and cytosol to the test. Surprisingly, plants without measurable SOD activity in the cytosol and chloroplast lack photosynthesis phenotypes and reproduce as well as wild-type plants. These observations suggest that, indeed, Cu/ZnSOD is largely dispensable in plants.
RESULTS

CCS Regulation by Cu Availability and the Involvement of miR398
CCS transcript levels are regulated by Cu availability (AbdelGhany et al., 2005b) . To determine whether CCS protein accumulation was regulated by Cu availability, we raised an antibody specific to CCS and used it to probe CCS levels in wild-type Arabidopsis plants that were grown on tissue culture medium supplied with Cu ranging from 0.05 to 5 lM. Copper concentrations in shoot tissues progressively increased as Cu concentrations in the tissue culture medium increased ( Figure 1A ). Shoot Cu concentrations for all Cu treatments were in the physiological range between deficiency at about 5 lg g À1 dry weight (DW) and toxicity (20 lg g À1 DW for most plants) (Marschner, 1995) . Wild-type plants grown on tissue culture medium ranging from 0.05 to 5 lM Cu (limiting to sufficient for Cu/ZnSOD expression and activity) reveal that CCS protein accumulates as Cu concentrations in leaf tissue increase, similar to that of CSD1 and CSD2 ( Figure 1B ). Because CCS protein abundance responded to Cu availability, we investigated the CCS promoter for a Cu-responsive cisacting element using a CCS promoter-b-glucuronidase (GUS) fusion (CCSpro::GUS) in Arabidopsis. Fourteen lines of CCSpro::GUS transgenics were obtained and tested for GUS activity. All lines were analyzed for both temporal and spatial expression of GUS activity. GUS activity was evident in 7, 14, and 28-day-old plants and was observed in most tissues (see Supplemental Figure 1 ). To determine whether the promoter of CCS contains a Cu-responsive cis-acting element, CCSpro:: GUS plant lines were grown on tissue culture medium containing 0.05, 0.5, and 5 lM Cu. In these plants, the CCS protein expression from the endogenous gene responds strongly to Cu (Figure 2A ). To quantify GUS activity in CCSpro::GUS mutants, we conducted fluorogenic GUS activity assays on protein samples from eight representative mutant lines (five shown). The fluorogenic analysis results for all eight CCSpro::GUS lines indicated that Cu does not regulate CCS promoter activity ( Figure  2B ). One line (CCSpro::GUS-11) exhibited increasing GUS activity as Cu availability increased, but the effect was minor ( Figure  2B ). In addition, histochemical GUS staining of all 14 CCSpro:: GUS lines grown for 14 d did not exhibit differences in staining intensity after varying Cu availability (not shown).
In plants, regulation of Cu/ZnSODs by Cu availability is mediated by miR398 that targets Cu/ZnSOD transcripts for micro-RNA-directed cleavage. There are three miR398 genes in Arabidopsis. The sequences of mature miR398b and miR398c are identical; mature miR398a has a U at the 3' end where miR398b and miR398c have a G (Jones- Rhoades and Bartel, 2004) . Computational analyses had not predicted that CCS mRNA contains a microRNA target sequence in Arabidopsis, rice, or poplar (Jones- Rhoades and Bartel, 2004; Bonnet et al., 2004; Sunkar and Zhu 2004; Sunkar et al., 2005; Lu et al., 2005; Fahlgren et al., 2007) . However, searching through the CCS transcript sequence, we found a 21-nt sequence with high similarity to a miR398 target site, starting at nucleotide 698 of the coding sequence ( Figure 3 ). miR398 is conserved in Arabidopsis, rice, and poplar, along with other flowering plants (Jones-Rhoades and Bartel, 2004; Bonnet et al., 2004; Sunkar and Zhu 2004; Sunkar et al., 2005; Axtell and Bartel, 2005) . We examined the likely CCS (LOC_Os04g48410) gene sequence in Oryza sativa and found that it also contains a 21-nt sequence that is conserved at the putative miR398 target site (Figure 3 ). To determine whether CCS transcripts are cleaved at the putative miR398 site, a 5#RACE experiment was conducted on RNA extracted from wild-type Arabidopsis plants grown on tissue culture medium containing 0.05 lM Cu, where CCS protein expression is low (Cu-limited), and on 5 lM Cu (Cu-sufficient). Total RNA was ligated to a RNA oligo-nucleotide adapter at the 5' end, which allowed for PCR amplification when using GeneRacer RNA oligo-nucleotide forward and CCS reverse primers. After cloning PCR products, nine clones were sequenced for the high-Cu condition and five clones were sequenced for the low-Cu condition. The 5' ends of the clones obtained on high Cu were all close to the upstream AUG start site. Three of these correspond to an mRNA that would encode for a CCS precursor with a functional chloroplast transit sequence while six clones encode for the cytosolic protein. These results give direct support for the model that variation of the length of the transcript at the 5' end results in transcripts that encode CCS proteins for two sub-cellular locations (Chu et al., 2005) . For the limited condition, three of the five clones had 5' end sequence termination in the middle of the predicted miR398 target site (Figure 3) . The other two clones contained 5' end sequence termination 42 nt downstream of the miR398 cleavage site. These observations support the idea that CCS transcripts are likely targeted for miR398-directed cleavage during Cu-limited growth.
To determine whether CCS transcript and expression levels are affected by miR398 abundance, we compared wild-type and a line in which CCS is under control of the constitutive 35S-CaMV promoter (35S:CCS). In addition, available overexpressors for miR398c (35S:MIR398c, lines 21C and 30A), and a SALK T-DNA miR398a/miR398c double mutant (mir398a mir398c) were analyzed. These lines were grown on Cu-limited (0.05 lM) and Cu-sufficient (5 lM) tissue culture medium. The 35S:MIR398c and mir398a mir398c lines have been described (Dugas and Bartel, 2008) . Wild-type, 35S:CCS, and mir398a mir398c plants grown on Cu-limited medium all exhibited reductions in CCS protein and transcript expression levels compared to the Cu-sufficient condition (Figure 4) . Interestingly, 35S:CCS plants on Cu-limited medium exhibited a dramatic reduction in CCS transcripts even though the CCS gene was overexpressed from a constitutive promoter. This confirms that CCS is regulated post-transcriptionally (Figure 4 ). 35S:MIR398c mutants did not increase CCS transcript and expression levels to the extent seen in wild-type when grown on Cu-sufficient medium. The mir398a mir398c plants demonstrated minor increases in CCS abundance relative to wild-type plants on both Cu-limited and Cu-sufficient medium (Figure 4) . A small RNA blot demonstrated that miR398 abundance is negatively correlated with CCS transcript and protein levels for all plant lines during Cu-limited and Cu-sufficient growth (Figure 4) . Together, the data indicate that miR398 abundance affects CCS mRNA levels.
An interesting observation is that miR398 expression levels in the 35S:MIR398c overproducer lines 21C and 30A decreased during Cu-sufficient growth when compared to Cu-limited growth (Figure 4 ), an observation previously reported for these lines (Dugas and Bartel, 2008) . The 35SCaMV promoter does not respond to Cu (Yamasaki et al., 2007) . Cu-regulation of miR398 in these lines could be attributed to the presence in the construct of eight GTAC sequences that are in the 424 base pair-long promoter fragment of miR398 that is included in this construct (Dugas and Bartel, 2008) . GTAC sequences were shown to be likely cis-acting regions required for Cu regulation via SPL7 (Yamasaki et al., 2009 ). 
CCS Is Required for Detectable CSD1 and CSD2 Activity
While CCS is absolutely required for Cu/ZnSOD activity in yeast, there are CCS-independent pathways of Cu/ZnSOD activation, for instance in Ceanorhabditis elegans (Jensen and Culotta, 2005) . While CCS plays an important role in Cu/ZnSOD activation in plants, it is not yet clear whether CCS-independent pathways operate (Chu et al., 2005) . A homozygous knockout of CCS (CCS-KO) containing a T-DNA insert in the second exon (Supplemental Figure 2) was obtained from the Arabidopsis Biological Resource Center and backcrossed three times. Homozygous plants were obtained and characterized for the presence of the insertion at the CCS locus using PCR and Southern blot analysis. No transcript could be detected in the CCS-KO plants, whereas it was abundant in the WT in the same condition, indicating that the T-DNA insertion causes a complete loss of expression (Supplemental Figure 2) .
The mutant and WT were grown on MS media with both low (0.05 lM CuSO 4 ) and high (5 lM CuSO 4 ) copper levels in order to assess the effect of the CCS mutation on SOD expression and activity in 2-week-old seedlings. CCS protein was induced by Cu in the WT but was completely absent in the KO mutant ( Figure 5A ). The absence of CCS dramatically affected CSD1 and CSD2 protein accumulation, especially on high Cu. FeSOD and plastocyanin (PC2) protein levels responded to Cu levels in the WT in agreement with previous reports (Abdel-Ghany et al., 2005a , 2005b Abdel-Ghany, 2009 ) and the expression of these proteins and of MnSOD was not altered in the CCS-KO ( Figure 5A ). SOD isoform activity was detected in native gels followed by activity staining ( Figure 5B ). As expected, Cu/ZnSOD activity in seedlings was highly dependent on Cu addition in the WT. However, no Cu/ZnSOD activity was detected in the CCS-KO, even on elevated Cu ( Figure 5B ). FeSOD activity was detected on low Cu only, whereas a low but similar level of MnSOD activity was detected in all samples ( Figure 5B ). In the native gel system, MnSOD and FeSOD migrated close together, with FeSOD migrating just slightly faster. The identity of the bands in Figure 5B was verified by using the inhibitors of Cu/ZnSOD and of Cu/ZnSOD and FeSOD (not shown). Furthermore, the bands in the activity gel were excised, extracted in SDS-sample buffer, and analyzed by Western blotting. This analysis showed that in low Cu, both MnSOD and FeSOD are active, whereas in elevated Cu, only MnSOD is detected along with Cu/ZnSOD (not shown).
On elevated Cu, there is severely reduced Cu/ZnSOD protein accumulation and activity, and no appreciable FeSOD activity, either ( Figure 5 ). Therefore, these 2-week-old seedlings have virtually no detectable SOD activity in the plastids or cytosol. Nevertheless, these CCS-KO plants showed no phenotype on MS media either with 0.05 lM CuSO 4 or with 5 lM CuSO 4 added (not shown).
Plants Without Detectable CSD1, CSD2, and FSD1 Activity Phenotypically Resemble the Wild-Type
The unexpected absence of a phenotype in tissue culture prompted us to investigate whether CCS-KO plants show a phenotype on soil. The homozygous CCS-KO plants were grown on soil supplemented with CuSO 4 , a condition which ensures that CSD1 and CSD2 are expressed and active in the WT and which leads to down-regulation of FSD1. To allow for the comparison of FeSOD levels, protein samples were also analyzed from WT plants grown on regular soil, a condition where FSD1 is active ( Figure 6A ). However, because all potting soils do contain Cu, the regular soil plants had Cu levels of 5-7 lg g À1 DW in their leaves. In this condition, CCS and CSD1 and CSD2 expression is seen along with FSD1 ( Figure 6A ). Such plants grown on regular soil can be compared with plants grown on MS media WT and the CCS-KO were grown on half-strength MS media without Cu addition (0.05 lM CuSO 4 ) or with Cu addition (5 lM CuSO 4 ).
(A) Immuno-detection of CCS, SOD proteins, Plastocyanin, and the large subunit of RuBisCO (loading control). Total proteins (20 lg) were separated by SDS-PAGE and detected by immuno-blotting against Rubisco loading control, PC, and SOD proteins.
(B) SOD isozyme activity. Total proteins (40 lg) were separated on 15% non-denaturing polyacrylamide gels and stained for total SOD activity.
containing 0.5 lM CuSO 4 . As expected, no CCS protein expression was detected in the CCS-KO on soil and the accumulation of CSD1 and CSD2 was severely affected ( Figure 6A ). Figure 6B and 6C) despite the absence of detectable Cu/ZnSOD or FeSOD activity ( Figure 6D ). Expression and activity levels for MnSOD, along with PC, remained unchanged for CCS-KO relative to wild-type ( Figure 6A and 6D) . As much as 100 lg of protein loaded onto a non-denaturing gel did not show Cu/ZnSOD or FeSOD activity for CCS-KO, even after a high light (HL) stress treatment of continuous 850 lmol m À2 s À1 for 24 h prior to sampling ( Figure 6D ). Non-denaturing gel assays for SOD activity conducted on a wild-type sample detected Cu/ ZnSOD activity in a lane containing only 2 lg of protein ( Figure  6E ). While these SOD activity assays may not be sensitive enough to detect minute levels of SOD activity, the native gel SOD activity dilution series suggests that if any SOD activity exists in CCS-KO it is at least 50-fold lower than wild-type levels ( Figure 6D and 6E). In addition, a liquid SOD activity assay was conducted on the stromal fraction of tissue culture-grown plants. For wild-type plants, SOD activity averaged 3.9 units mg À1 stromal protein, while CCS-KO plants contained no measurable stromal SOD activity, similar to the negative water control ( Figure 6F ). Purity and recovery of stromal fractions were verified using immuno-detection of the large subunit of Rubisco (RbcL) and for MnSOD, confirming that the stromal fraction was used and it did not contain MnSOD proteins ( Figure 6D ). CSD2 and FSD1 protein expression were detected to verify the Cu treatment.
Copper, iron, and zinc content was analyzed for wild-type and CCS-KO to ensure that Cu supplements during soil growth did not result in toxic Cu levels in the shoots. Copper levels for (E) Wild-type SOD activity dilution series. Soluble shoot proteins (40, 20, 10, 5 , and 2 lg) were fractionated as above. Band intensities were quantified and shown as arbitrary units (A.U.) relative to the 40-lg sample. (F) Liquid assay to detect stromal SOD activity for wild-type (WT), CCS-KO (KO), and negative control (Ctrl). Stromal fraction purity and recovery was determined by immuno-detection of crude leaf extract (cr) and stromal fraction (st) against the large subunit of Rubisco (RbcL) and MnSOD. CSD2 and FSD1 proteins were probed to verify Cu status in the plants. Lanes normalized to chlorophyll content. Means 6 SD (n = 5) are shown with significant differences indicated by letters above bars (P , 0.01).
the CCS-KO and wild-type remained between 8 and 11 lg g À1 DW, which is not in the toxic range for Arabidopsis Abdel-Ghany and Pilon, 2008) (Figure 7) . Shoot tissue of CCS-KO showed a significant reduction in Cu and Zn levels yet increased Fe content relative to wild-type. Total Cu in CCS-KO leaf tissue averaged at 8.9 lg g À1 DW versus wild-type at 11 lg g À1 DW, a 19% total reduction (Figure 7) . Chlorophyll a and b content was also determined in leaf disks and this indicated that CCS-KO did not have reduced chlorophyll levels when compared to wild-type ( Figure 7 ). To get an indication of reproductive success, the number of siliques per plant and germination rates were determined. The CCS-KO plants showed no significant differences when compared to wild-type in seed set or germination, consistent with the lack of a visual phenotype ( Figure 6 ). Superoxide dismutase in the chloroplast has been implicated as an important component of photo-oxidative stress reduction (Asada, 1999) . Wild-type and CCS-KO plants were grown for 35 d with CuSO 4 supplementation to turn off FeSOD (Abdel-Ghany et al., 2005b; Cohu and Pilon, 2007; Yamasaki et al., 2007) . Because normal laboratory growth conditions may not promote the production of superoxide to a level that requires SOD activity for photo-oxidative stress reduction, we exposed the 35-day-old plants to 24 h of high light (HL) at 850 lmol m À2 s À1 . After the HL treatment, all plants produced observable levels of anthocyanin, and the CCS-KO plants showed no visual phenotype differences in response to HL stress relative to wild-type plants ( Figure 8A ). We monitored chlorophyll fluorescence in these high light-treated plants to determine whether chloroplasts without SOD activity are impaired in photosynthesis. The parameters F V /F M , which indicates PSII capacity, UPSII, which indicates electron transport through PSII, and NPQ, which indicates heat dissipation, were determined as a function of actinic light intensity. No differences were observed between the wild-type and the CCS-KO mutant. Only the results for an actinic light intensity of 770 lmol m À2 s À1 , which is above the saturation point, are presented in Figure 8B . Subunits of PSI (PsaA/B, PsaD), PSII (D1), and the b 6 f complex were also examined and no differences in expression levels were detected in the CCS-KO when compared to wild-type ( Figure 8C ). When plants are exposed to methylviologen (MV), electrons are directed away from electron transport chains to O 2 to create superoxide (Slooten et al., 1995) . To determine whether SOD in the chloroplast can resist the effects of MV long term, CCS-KO and wild-type plants were sown on tissue culture medium containing 5 nM MV and 5 lM CuSO 4 to turn off FeSOD (Abdel-Ghany et al., 2005b; Cohu and Pilon, 2007; Yamasaki et al., 2007) ( Figure 8D ). Wild-type and CCS-KO demonstrated similar growth inhibition when constantly exposed to MV. Chlorophyll fluorescence monitoring of plants grown in the presence of MV indicated that wild-type and CSS-KO plants have comparable photo-inhibition and electron transport activity (not shown).
Considering that CCS-KO has not shown a phenotype under the growth conditions imposed, we turned our attention to other biochemical processes that could potentially compensate for a lack in chloroplast SOD activity or indicate elevated stress in CCS-KO plants. Reduced and oxidized forms of ascorbic acid (AsA and DHA, respectively) and reduced glutathione (GSH) were measured. Levels of AsA were not significantly different between CCS-KO and wild-type for both LL and HL treatments, and AsA/DHA measurements showed that CCS-KO has a slightly increased ratio of reduced to oxidized forms of ascorbic acid compared to wild-type (Table 1) . Levels of GSH for CCS-KO were also not significantly different between CCS-KO and wild-type for both LL and HL. We examined additional antioxidant molecules by HPLC. The xanthophyll cycle pool size, total carotenoids, and tocopherols were not significantly different in the CCS-KO line when compared to wild-type for LL growth conditions (Table 1) . However, after HL treatment, the CCS-KO showed a small but significant reduction in both the xanthophyll cycle pool size and total carotenoids when compared to wild-type, whereas tocopherols did not differ (Table 1). Since an increase in antioxidants was not observed for CCS-KO plants, we wanted to determine whether superoxide levels in leaves of tissue culture-grown plants were different from wild-type using in situ nitro-blue tetrazoluem (NBT) staining. Interestingly, tissue culture-grown CCS-KO plants did not exhibit a difference in superoxide levels compared to wild-type at a cotyledon stage and after 14 d of growth. Plants dark-adapted for 24 h prior to NBT staining also did not show differences between wild-type and CCS-KO plants (Supplemental Figure 3) .
The lack of a phenotype for the CCS KO under standard growth conditions was unexpected. We looked for conditions in which maybe a phenotype could be expected. Plants grown in selenate (SeO 4 ) experience toxicity due to incorporation of Se into S-containing amino acids (Eustice et al., 1981) . Arabidopsis plants grown on selenium were significantly impaired in non-protein thiols and glutathione (Tamaoki et al., 2008) , both of which are important anti-oxidants. Interestingly, CCS-KO plants grown in 30 lM SeO 4 show a moderate yet observable decrease in size compared to wild-type (Supplemental Figure 4) , and a statistically significant reduction in leaf area (Figure 9) .
The results for CCS-KO are unexpected in view of a previous report that indicated that a knockdown in CSD2 causes a severe phenotype, even when CSD2 and FeSOD activities were both present (Rizhsky et al., 2003) . To examine how the CCS-KO line compares with the knockdown of CSD2, we obtained seed for the previously described KD-SOD line (here designated as KD-SOD; Rizhsky et al., 2003) . Seeds were propagated in our lab and grown alongside CCS-KO and wild-type plants. The KD-SOD plants exhibited the previously described chlorotic phenotype (Supplemental Figure 5A ) and were high light sensitive. However, PCR analysis indicated that the KD-SOD plants did not contain a T-DNA insert in the promoter of CSD2; rather, the PCR suggested that the KD-SOD line contains an intact CSD2 promoter (Supplemental Figure 5B) . The chlorotic phenotype observed for the KD-SOD line is likely caused by a T-DNA insert in a location other than the promoter of CSD2 (Supplemental Figure 5A and 5B). We next obtained the original seed from the SALK collection (SALK_041901) that corresponds to the insertion in the CSD2 promoter. We verified the T-DNA insert in the CSD2 promoter region in the SALK_041901 plants using PCR. The homozygous SALK_041901 plants did not exhibit any visual phenotype compared to wildtype (Supplemental Figure 5A) . We examined CSD2 protein CCS KO 26.5 6 0.9 30.7 6 3.6 b 209.7 6 3.4 229.3 6 7.4 b 7.7 6 0.7 14.9 6 3.7
Low light (LL) and high light (HL) changes in levels of reduced (AsA) and oxidized (DHA) ascorbic acid, reduced glutathione (GSH), xanthophyll cycle pool size: violaxanthin + antheraxanthin + zeaxanthin (V + A + Z), total carotenoids and tocopherols. AsA, DHA, and GSH normalized to fresh weight (FW), and V+A+Z, carotenoids, and tocopherols to chlorophyll a+b. Means 6 SD shown (n = 3) with significant differences indicated by letters a and b (P , 0.05).
expression in all lines by immuno-detection. For the SALK_041901 and the KD-SOD line, the protein expression levels of Cu/ZnSODs were similar to wild-type (Supplemental Figure 5C ). Only in the CCS mutant line was CSD1 and CSD2 expression affected. As expected, chlorophyll fluorescence measurements did not indicate any photosynthetic deficiencies when compared to wild-type (Supplemental Figure 5D ), even after a HL treatment.
DISCUSSION
A possible conserved miR398 target sequence is found in the CCS transcript in Arabidopsis. Transcript cleavage site analysis, as well as CCS expression levels in miRNA398 overexpressors and insertion mutants, supports the hypothesis that CCS is regulated in response to Cu via miR398. The regulation of CCS by miR398 makes sense when we consider that CSD1 and CSD2 are also regulated by miR398, and that CCS delivers Cu to Cu/ ZnSODs. Our findings are in agreement with a report on the SPL7 transcription factor that activates miR398 during Culimited growth (Yamasaki et al., 2009 ).
Copper-proteins such as CSD1, CSD2, plantacyanin, and several laccases were predicted to be targeted by microRNA using established bioinformatic approaches prior to being experimentally verified (Jones-Rhoades and Bartel, 2004; Bonnet et al., 2004; Sunkar and Zhu 2004; Sunkar et al., 2005; Lu et al., 2005; Fahlgren et al., 2007) . Jones-Rhoades and Bartel (2004) used a method in which a mismatch between a micro-RNA and a possible mRNA target equals one point and a G:U wobble results in 0.5 point. Any hybrid with a score of 3 or less was considered highly probable while scores greater than 3.5 were considered unlikely target sites. The score for CSD1 and miR398a is 3. The score for the miR398a-CCS hybrid is 4.5. Although miR398b and c have a G instead of a U at the 3#end, these miRNAs would still get a score of 4.5 if the G can basepair with the C just upstream of the miR398 target site in CCS mRNA (Figure 3) . A study that altered five nucleotides in the microRNA target sites of CSD1 (5mCSD1) and CSD2 (5mCSD2), to increase mismatching, resulted in reduced sensitivity to miR398 regulation (Dugas and Bartel, 2008) . It is possible that the location of base-pair mismatches and degree of base-pair complementarity contribute to the sensitivity a target mRNA has to microRNA regulation. Interestingly, we never observed a complete shut-off of CCS protein expression in WT plants even on very low Cu (Figure 1 ). The experimental verification that CCS mRNA is targeted by miR398 even though it does not contain a bioinformatically predicted microRNA binding site suggests that microRNA regulation of mRNA expression may be more broad than previously predicted, and that perhaps several more targets are yet to be identified. In addition, this study indicates that low base-pair complementarity between microRNA and mRNA target can be sufficient for microRNA regulation, at least for CCS.
The analysis of the CCS-KO indicates that in photosynthetic tissue, CCS seems to be essential for Cu delivery to both CSD1 and CSD2, and for their normal accumulation and activity, even during sufficient Cu supply. In yeast, CCS is absolutely required for Cu/ZnSOD activation, yet in Caenorhabditis elegans and mammals, an alternative Cu/ZnSOD activation pathway exists that utilizes glutathione (Jensen and Culotta, 2005) . This glutathione-mediated activation of Cu/ZnSOD has been suggested to exist in Arabidopsis (Chu et al., 2005) but this mechanism of activation has not been confirmed and the data for the CCS-KO presented here suggest that a glutathionemeditated activation of Cu/ZnSODs is insignificant in higher plants.
CCS, along with several Cu-proteins (Yamasaki et al., 2007; Abdel-Ghany and Pilon, 2008) , are identified as being downregulated by microRNA during Cu-limited growth. In several studies, the lack of a true growth phenotype has been reported for Arabidopsis plants even though the abundance of these Cu-proteins was dramatically reduced during normal Cu-limited growth (Chu et al., 2005; Cohu and Pilon, 2007; Yamasaki et al., 2007; Abdel-Ghany and Pilon, 2008; Dugas and Bartel, 2008; Nagae et al., 2008) . In these studies, FeSOD may have been active in the chloroplast. However, CCS-KO plants grown with supplemented Cu are without measurable chloroplastic Cu/ZnSOD or FeSOD activity. Interestingly, the analyses conducted on the CCS-KO plants reveal that the majority of chloroplast and cytosolic SODs, CSD1, CSD2, and FSD1 can be inactivated without a consequence to growth under standard laboratory and moderately high light stress growth conditions. The only SOD activity detected in these plants is ascribed to mitochondrial MSD1. However, next to the four most abundant SOD forms, Arabidopsis expresses three additional SODs, CSD3 (active in peroxisomes), FSD2, and FSD3 (Kliebenstein et al., 1998) . While they may be low in abundance, the thylakoid localized FSD2 and FSD3 are essential for normal growth during the seedling stage, while FSD1 was reported to not be non-essential (Myouga et al., 2008) .
Because we did not study null mutants, we cannot exclude that some SOD activity, too low to measure, is present in either the chloroplast or cytosol to aid in normal growth. It is also possible that FSD2 and FSD3 are somehow up-regulated in the CCS-KO mutant in order to compensate for the loss of CSD2 function. However, we did not observe any SOD activity in chloroplasts of CCS-KO plants ( Figure 6F ). Furthermore, we did not observe elevated FeSOD protein or FeSOD activity in the CCS-KO lines when compared to WT. Therefore, CCS-KO plants have greatly reduced SOD activity in both the cytosol and plastids when grown on high Cu. Our findings contrast with the paper by Rizhsky et al. (2003) , who reported that a knockdown caused by a T-DNA insertion in the promoter of CSD2 resulted in a severe phenotype. Based on the analysis of this line as well as a line from the Salk-collection with the T-DNA upstream in the region of CSD2 (Supplemental Figure 5) , we conclude that the phenotype reported previously (Rizhsky et al., 2003) must have been the result of a change elsewhere in the genome.
We considered that plants with low Cu/ZnSOD and FSD1 activity are able to acclimate in a way that diverts excess photons and electrons to other photo-protective mechanisms (Niyogi, 2000) . We measured a number of anti-oxidant molecules in the CCS-KO and wild-type plants and found significant differences only for the xanthophyll cycle pigment pool size and total carotenoids, which were lower after HL treatment in CCS-KO (Table 1 ). This suggests that CCS-KO has a higher turnover and/or lower synthesis of xanthophylls compared to wild-type plants. The elevated NPQ values observed for CCS-KO after a HL treatment could indicate that the xanthophyll cycle is involved in compensating for a loss in SOD activity. It had also been observed that when Arabidopsis plants are grown on SeO 4 , the pools of total non-protein thiols and GSH are decreased when compared to wild-type (Tamaoki et al., 2008) . In the case of CCS-KO, the selenate treatment may have caused a decrease in the anti-oxidant pool and maybe, therefore, led to the mild phenotype observed (Figure 9) . CSD1, CSD2, and FSD1 are conserved in plants and they must have some important function or the genes would have been lost. An important question remains: Why are CSD1, CSD2, and FSD1 expressed and active at elevated levels during times when they are apparently only needed in small quantities or perhaps not needed at all? One possibility is that superoxide radicals are transiently generated at high levels, thus requiring SOD activity, during conditions not examined here; and the onset on those conditions is rapid, thereby requiring a large pool of SODs. The reciprocal regulation of CSD2 and FSD1 suggests that maintenance of either SOD activity is required in the plastids to be competitive in nature.
Part of the reason why Cu/ZnSODs accumulate may also be related to their ability to sequester Cu ions. Chloroplast and cytosolic Cu/ZnSODs increase expression and activity levels based primarily on Cu abundance (Abdel-Ghany et al., 2005b; Cohu and Pilon, 2007; Yamasaki et al., 2007; Nagae et al., 2008) , and Cu/ZnSOD proteins accumulate only when Cu ions are available for final assembly and stability ( Figure 5 ). Copper ions can be dangerous to cellular compartments if left alone as free ions (Finney and O'Halloran, 2003) and in the cytosol of yeast-free Cu ions are reported to be less than one per cell (Rae et al., 1999) . In yeast, it has been suggested that Cu/ ZnSOD plays a separate role in Cu buffering outside of superoxide scavenging (Culotta et al., 1997) . We suggest that Cu/ ZnSODs in higher plants also serve a Cu buffering role. However, CCS-KO plants were not more sensitive to Cu excess than the wild-type (not shown). Thus, if CCS serves to buffer Cu, this is not a mechanism to protect against excess. Perhaps, binding and sequestering limited Cu removes this resource for other organisms, which could be a factor in a competitive growth environment.
METHODS Plasmid Construction
To construct CCSpro::GUS, the CCS promoter sequence was amplified from genomic DNA by PCR using primers CCSpro-F and CCSpro-R (primer sequences online in Supplemental Table 1 ) that introduced BamHI restriction sites (underlined) for cloning. The amplified fragment is 419 bp long and contains the entire CCS 5' UTR and upstream intergenic sequence. The amplified product was ligated into the PBI101.2 vector that contains a promoterless b-glucuronidase (GUS) gene. Clones were verified by digestion and sequencing prior to transformation of Arabidopsis (col-0) by Agrobacterium (C58C1) using the floral dip method (Clough and Bent, 1998) . Fourteen independent transformant lines were obtained after selection and verified by PCR using the GUS-R primer. Genetically transformed plants were allowed to self-pollinate, and seeds from offspring were tested for homozygosity on kanamycin tissue culture medium plates. To construct 35S:CCS, the coding sequence was amplified from cDNA by PCR using primers CCS-NcoI-F and CCS-BamHI-R that introduced NcoI and BamHI restriction sites (underlined) for cloning. The forward primer includes the first of two in-frame ATG start sites that flank the chloroplast targeting sequence. The amplified product was digested and ligated into a pFGC5941 vector which contains a CaMV 35S promoter. Transformation and selection were conducted as described above.
Plant Materials and Growth Conditions
The background ecotype of all Arabidopsis lines tested is Columbia. miR398a miR398c double mutant and miR398 overexpresser 35S:MIR398c (21C and 30A) were a generous gift from Bonnie Bartel, Rice University, and have been described (Dugas and Bartel, 2008) . The CCS knockout line contains a T-DNA insert in the second exon of CCS (CCS-KO) (Chu et al., 2005) . The CCS-KO line was obtained from the SALK collection at ABRC (SALK_025986) and backcrossed to wild-type three times then selfed and screened to allow for the collection of a single insert homozygous line. The knockdown line of CSD2 contains a T-DNA insert in the promoter of CSD2 (Rizhsky et al., 2003) . The CSD2 knockdown line was obtained from the SALK collection at ABRC (SALK_041901), and the KD-SOD line was obtained as a generous gift from Dr R. , 12-h/12-h light/dark cycle at 23°C) for 14 d. Etiolated seedlings were grown in complete darkness for 5 d. All plant shoot tissues were collected immediately and frozen in liquid nitrogen, then stored at -80°C unless otherwise noted.
PCR and Southern Blotting
For PCR of CCS-KO and wild-type genomic DNA was amplified using CCS primers: CCSg-L and CCSg-R; and T-DNA primers: LBa1, PBIN19F, and PBIN19R. PCR of CSD2 knockdown T-DNA lines was conducted using genomic CSD2 primers: CSD2g-L and CSD2g-R; and T-DNA primers: LBb1, PBIN19F, and PBIN19R. Southern blot analysis was conducted on restriction digested genomic DNA using BamHI, SacI, NdeI, XhoI, and Eco91I, separated by DNA by electrophoresis, transferred to Hybond N+ membranes and probed with CCS and T-DNA specific probes. Probe templates were amplified by PCR using CCSg-L and CCSg-R primers for CCS, and PBIN19F and T-DNA1016R for T-DNA. Labeled probes were created using a random primer method with alpha[ 32 P]dCTP as described (Abdel-Ghany et al., 2005b) . Blots were washed as described (Abdel-Ghany et al., 2005b) , and all blots were imaged using a Storm PhosphorImager (GE healthcare, Piscataway, NJ).
RNA Extraction, Transcript Analysis, and RT-PCR
Total RNA for all experiments was extracted from plant tissues grown on Cu concentrations as specified in figures using the TRIzol reagent (Invitrogen, Carlsbad, CA) as described in the manufacturer's instructions. For CCS and 18S transcript analysis, 15 lg of RNA was separated by electrophoresis in a 1.2% agarose gel containing 4% formaldehyde, transferred to nitrocellulose (Hybond-N+, GE healthcare), and probed with alpha[ 33 P]-dCTP-labeled probes. Probe template for CCS was created by PCR using primers CCSprobe-F and CCSprobe-R. Radioactive probes were synthesized with an oligo-labeling kit (GE healthcare) using random primers. Hybridization and washing was conducted as described (Abdel-Ghany et al., 2005b) . For small RNA blot analysis, 20 lg of RNA was separated on a denaturing 17% polyacrylamide gel (16 3 20 cm) containing: 7 M urea, 0.5X TBE, 15% acrylamide/bis, 0.5% APS, and 35 ll TEMED. The polyacrylamide gel was pre-run at 15 mA for 1 h, loaded, and ran for 2 h at 15 mA. RNA was electrophoretically transferred to Hybond-N+ nitrocellulose as described (Abdel-Ghany and Pilon, 2008) . DNA oligos with base-pair complementarity to miR398a and small ribosomal U6snRNA (internal control) were end-labeled with gamma[ 32 P]-dATP using T4 polynucleotide kinase (Fermentas, Hanover, MD). Prehybridization, hybridization, and membrane washing were conducted as described (Yamasaki et al., 2007) . For RT-PCR, total RNA (1 lg) was converted to cDNA using Moloney murine leukemia virus-reverse transcriptase (Promega, Madison, WI) according to the manufacturer's instructions. Primers specific to CCS mRNA were used for RT-PCR: CCSF and CCSR.
miRNA Target Validation
Total RNA isolated from plants grown on tissue culture medium was used for 5#-rapid amplification of cDNA ends (5#-RACE) using the GeneRacer kit (Invitrogen) as described (Kasschau et al., 2003; Allen et al., 2004 Allen et al., , 2005 . Total RNA was ligated to an adaptor (GeneRacer), converted to cDNA, and subjected to PCR using the GeneRacer 5' primer and CCS miRNA-R. Amplified PCR products were subject to another PCR reaction using the GeneRacer 5#-nested and CCS nested miRNA-R. The PCR products were agarose gel purified and cloned using the TOPO-TA cloning kit (Invitrogen) before sequencing.
Immuno-Detection and SOD Activity
Soluble shoot proteins for SDS polyacrylamide and nondenaturing gel analysis were extracted as described (AbdelGhany et al., 2005b) . Total protein was quantified according to the Bradford (1976) method using bovine serum albumin as a standard. For immuno-detection analysis, 20 lg of protein extract were loaded into 12.5% SDS polyacrylamide gels. Antibodies used for CSD1, FSD1 and MnSOD (Kliebenstein et al., 1998) , PC (Abdel-Ghany et al., 2005b) , Psa A/B (Andersson et al., 2003) , Psa D (Knoetzel et al., 2002) , and cytochrome b6 (Alt et al., 1983 ) have been described. Antibodies for CSD2, CCS, and large subunit of Rubisco were obtained from Agrisera (Agrisera AB, Vä nnä s, Sweden). The antibodies for CSD2 and CCS have been raised collaboratively. The respective coding sequences for the mature regions of CSD2 and CCS were cloned into pET28a, expressed in E. coli BL21 (DE3), and the his 6 -tagged proteins were purified using affinity chromatography on a Ni-iminodiacetic acid agarose column followed by thrombin cleavage of the affinity tag and further purification by ion-exchange chromatography, essentially as described previously for the SufE protein (Ye et al., 2006) . The purified proteins were shipped to Agrisera AB (Vä nnä s, Sweden) and used to generate antibodies in rabbits according to standard protocols. The antisera were tested for specificity and sensitivity by immunoblotting. Antibodies for HSP70 were obtained from Sigma-Aldrich (Sigma-Aldrich, St Louis, MO). Specific antibodies for the D1 subunit were a generous gift from Alice Barkan (University of Oregon, Eugene, OR). For SOD isozyme separation and activity, leaf protein extracts were loaded into 15% non-denaturing polyacrylamide gels then stained for activity as described (Beauchamp and Fridovich, 1971; Abdel-Ghany et al., 2005b) . Each experiment was replicated three times with identical results, and representative gels are shown. Identification of SOD isoforms was conducted using inhibitors KCN (inhibits Cu/ZnSOD) and H 2 O 2 (inhibits FeSOD and Cu/ZnSOD) (data not shown). Quantification of SOD activity bands in the non-denaturing polyacrylamide gels was conducted using Image J, a freely available image analysis program (Rasband, 1997 (Rasband, -2007 . Bands were quantified and represented as arbitrary units (A.U.) relative to the 40-lg lane sample. Determination of SOD activity in a liquid assay was performed as described (Tewari et al., 2006) using 50 lg of total protein isolated from stromal fractions, as described (Burkhead et al., 2003) , in a final volume of 200 ll. One unit of SOD activity corresponds to the inhibition of NBT reduction by 50%. Data are represented as units of SOD mg À1 protein.
Histochemical and Fluorogenic GUS Assays
Histochemical in situ GUS staining was conducted on all 14 CCS::GUS plant lines grown under the specified Cu growth conditions in figures. Histochemical GUS staining was conducted as described (Tewari et al., 2006 ) using X-gluc (5-bromo-4-chloro-3-indoxyl-D-glucuronide) (GoldBio, St Louis, MO), and incubated at 37°C for 4 h. Fluorogenic analysis for in vitro GUS activity was conducted on protein extracts from eight of the 14 CCSpro::GUS lines (1, 3, 6, 7, 8, 9, 11, 14) described above using MUG (4-methylumbelliferyl-b-D-glucuronide) (GoldBio, St Louis, MO) as a substrate. Fluorogenic assay solution consisted of: 50 mM NaPi pH 7.0, 10 mM EDTA, 10 mM DTT, 0.1% TritonX-100 and 0.1% Sarkosyl. Five lg of protein extract was added to 1 ml of assay solution and allowed to incubate for 20 min at 37°C. 1.4 ml of 0.4 M Na 2 CO 3 was added to stop the reaction. 4-methyl umbelliferone (MU) fluorescence was measured at 400 nm using a Hoefer DyNA Quant 200 Fluorometer (Hoefer Inc., Holliston, MA) and data represented as arbitrary fluorescence units per mg protein per minute (MU units). Assays were conducted using samples from three biologically independent experiments.
CCS Sequence Alignment
The putative miR398 site to Oryza sativa putative CCS gene (LOC_Os04g48410) was obtained using the miRU2: A Plant Small RNA Regulator Target Analysis Server at http:// bioinfo3.noble.org/miRU2/ (Samuel Roberts Noble Foundation).
Elemental Analysis, Chlorophyll Content, and Reproductive Success Elemental analysis was conducted on shoot material as described (Pilon-Smits et al., 1999; Cohu and Pilon, 2007) . Spectrophotometric quantification of chlorophyll a and b content was conducted using fresh leaf disks (38.5 mm 2 ) in 1 ml of 96% ETOH as described (Wintermans and De Mots, 1965) . For determining the number of siliques per plant, individual plants grown in LL conditions continued to receive water until natural senescence occurred and no new flowers formed. Seeds collected from the silique counted plants were pooled for each plant line and sown on 0.5 MS plates using 100 seeds per plate to quantify germination rates at 5 d after sowing. All experiments were conducted using three independent biological replicates.
Chlorophyll Fluorescence
Chlorophyll fluorescence measurements were conducted on plants grown on soil under LL and after a HL stress treatment, as described above, using a programmable, pulsed modulated, Hansatech Fluorometer FMS2 (Hansatech Instruments, Norfolk, UK) as described , with chlorophyll fluorescence parameters quantified as described (Maxwell and Johnson, 2000) . Pigments, Tocopherols, GSH and AsA, Selenate Treatments, and Statistics
Pigments and tocopherols were quantified by highperformance liquid chromatography (HPLC) and normalized to chlorophyll a and b content. Frozen samples were prepared and analyzed as described (Baroli et al., 2003; Ledford et al., 2004) . Levels of reduced and oxidized ascorbate and glutathione were quantified by a spectrophotometer as described (Yoshida et al., 2006) using 0.1 g of frozen leaf tissue. Selenatetreated plants were imaged after 14 d of growth. Individual plants were traced and leaf area analyzed using Image J (Rasband, 1997 (Rasband, -2007 . All statistical analyses (ANOVA, t-tests) were performed by using the Jump-in software package (SAS Institute, Cary, NC).
SUPPLEMENTARY DATA
Supplementary Data are available at Molecular Plant Online.
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